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ABSTRACT
Life has had a dramatic impact on the composition of Earth’s atmosphere over time, which suggests
that statistical studies of other inhabited planets’ atmospheres could reveal how they co-evolve with life.
While many evolutionary pathways are possible for inhabited worlds, a possible starting hypothesis
is that most of them evolve similarly to Earth, which we propose could lead to a positive “age-
oxygen correlation” between the ages of inhabited planets and the fraction which have oxygen-rich
atmospheres. We demonstrate that next-generation space observatories currently under consideration
could test this hypothesis, but only if the stellar age distribution of the target sample is carefully
considered. We explore three possible parameterizations of the age-oxygen correlation, finding that
they yield similar results. Finally, we examine how abiotic oxygen sources could affect the results,
and discuss how measuring the age-dependence of oxygen could shed light on whether it is a reliable
biosignature. Future efforts can expand upon this groundwork by incorporating detailed models of the
redox balance of terrestrial planets and its dependence on stellar and planetary properties.
1. INTRODUCTION
The coming decades promise exciting developments in
the search for life beyond Earth, with multiple groups
proposing the construction of novel space observato-
ries which could discover and characterize several po-
tentially Earth-like planets orbiting nearby stars (e.g.,
The HabEx Team 2019; The LUVOIR Team 2019;
Apai et al. 2019; Origins Space Telescope Study Team
2019; Staguhn et al. 2019). By discovering biosignature
molecules in these planets’ atmospheres (e.g., Schwieter-
man et al. 2018), such observatories would enable the
first constraints on the frequency of life in the universe
and comparative studies of the properties of inhabited
worlds.
Molecular oxygen (O2), and its photochemical
byproduct ozone (O3), have been discussed as promising
biosignatures for such missions, as O2 has a short life-
time in the Earth’s atmosphere and is replenished almost
entirely by photosynthetic life (e.g., Owen 1980; Des
Marais et al. 2002). O2 would make for an even stronger
biosignature if it were found in the presence of reduced
gasses (such as methane) which would quickly eliminate
it in the absence of a strong oxygen source (e.g., Lovelock
1965; Meadows et al. 2018a). Oxygenic photosynthesis
makes use of carbon dioxide, water, and light, which
have been accessible on Earth throughout its history -
suggesting that many extraterrestrial ecosystems may
have converged on the same mechanism (e.g., Meadows
2017).
However, the presence of oxygen in Earth’s atmo-
sphere has evolved over time, with the planet having
an anoxic atmosphere for approximately the first half
of its history. During the Hadean and Archean eras,
the abundance of O2 was no more than 10
−6 times its
present atmospheric level (PAL) (Zahnle et al. 2006;
Catling & Zahnle 2020). Then, during the “Great Ox-
idation Event” (hereafter GOE) circa 2.4-2.1 Gya, the
concentration of O2 dramatically increased to between
10−4 to 10−1 PAL, and would later increase again (circa
600 Mya) to reach its modern abundance (Lyons et al.
2014).
The precise causes and timing of the GOE are a matter
of ongoing research - for a thorough review, see Lyons
et al. (2014). While the evolutionary development of
oxygenic photosynthesis was a prerequisite for the GOE
to occur, the two were not necessarily coeval; in fact,
the evidence suggests a delay - perhaps hundreds of Myr
long - between the appearance of the first organisms to
produce oxygen and its eventual accumulation in the
atmosphere (e.g., Brocks et al. 1999; Anbar et al. 2007;
Kendall et al. 2010; Kurzweil et al. 2013; Planavsky et al.
2014). Regardless of its causes, the GOE counts among
the most dramatic changes to Earth’s atmosphere in ge-
ological history, and was dependent on the existence of
life. Since Earth’s atmosphere was anoxic for about half
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of its history, some authors have considered how pre-
GOE Earth analogs might appear in reflected or trans-
mitted light, and how the presence of life on such worlds
could be inferred in the absence of oxygen (e.g., Pilcher
2003; Domagal-Goldman et al. 2011; Seager et al. 2013;
Arney et al. 2016, 2018; Krissansen-Totton et al. 2018).
To date, most studies of oxygen and other potential
biosignatures have focused on how life could affect in-
dividual planets. However, due to the challenging na-
ture of characterizing terrestrial planets, future space
telescopes may provide only limited information about
the atmospheres and fundamental parameters (e.g. bulk
composition) of many individual planets. Even still,
important information will be enclosed in the overall
population of planets studied, and trends between their
properties can be tested against the predictions of mod-
els for terrestrial planet evolution (e.g., Bean et al. 2017;
Checlair et al. 2019). In such cases, sample sizes will be
a limiting factor on the complexity of models which can
be tested.
Since Earth’s biosphere and atmosphere have co-
evolved over time, the exciting possibility exists that by
studying several inhabited planets spanning a range of
ages, we could test for shared trends in the co-evolution
of their atmospheres and biospheres, uncovering com-
mon patterns which govern the evolution of life in the
universe. For example, if future space missions are able
to detect the presence of O2 or O3 in the atmospheres
of several potentially habitable worlds, this would al-
low them to constrain the frequency of oxygen-bearing
planets as a function of age. We propose that this mea-
surement could be used to test whether the atmospheric
evolution of other inhabited worlds resembles that of
Earth (i.e. the null hypothesis). By this, we mean that
they start with anoxic atmospheres which eventually be-
come oxygen-rich - although the time required for oxy-
genation will likely vary between planets (Catling et al.
2005). If they evolve like Earth, then the fraction of
inhabited planets with oxygenated atmospheres should
increase with age, with older planets being more likely
to have undergone a GOE-like event. If such a trend
were discovered, it would strongly suggest that Earth-
like atmospheric evolution is typical for inhabited plan-
ets, and would by extension strengthen the case for O2
as a biosignature, as we can think of no plausible abiotic
explanation for this trend.
In this paper, we estimate how many potentially hab-
itable planets a future telescopic biosignature survey
must characterize to detect a positive “age-oxygen cor-
relation” – and thus test whether Earth’s atmospheric
evolution is typical. We present our results as a function
of the actual occurrence rate of life on potentially hab-
itable worlds, and investigate the optimal target stellar
age distribution for testing our hypothesis. Finally, we
estimate the noise which would be introduced by strong
abiotic sources for O2, and discuss how a statistical sam-
ple of planets with oxygenated atmospheres could be
used to verify O2 as a biosignature.
This study does not attempt to model in detail the
many possible factors affecting the rate at which inhab-
ited planets acquire oxygen, which we discuss qualita-
tively in Section 4.2. Rather, we use Earth’s evolution-
ary history as the practical template for an initial esti-
mate of the sample size required to begin studying their
oxygen evolution. Our results should be interpreted
with this caveat in mind, and we encourage future stud-
ies to build off our approach by incorporating the effects
of diverse planetary parameters on the redox balance of
other habitable worlds.
2. METHODS
Here, we consider only potentially habitable planets
or “exo-Earth candidates” (EECs). We use these terms
interchangeably to refer to planets which are compara-
ble in size to Earth and have orbits within the liquid
water habitable zone, and which therefore could sus-
tain habitable surface conditions (e.g., Kasting et al.
1993; Kopparapu et al. 2013, 2014). Note, however,
that our results are agnostic to the exact range of sizes
and orbits considered to be potentially habitable, ex-
cept when we compare them to the predicted discovery
yields for future space-based biosignature surveys. For
the reasons argued above, we also assume that inhabited
planets demonstrate a positive correlation between their
ages and the fraction which have oxygen in their atmo-
spheres, which we hereafter refer to as the “age-oxygen
correlation”.
Our basic methodology is as follows: we generate a
number N EECs with randomly assigned ages t, a frac-
tion flife of which are assumed inhabited. We then as-
sume that some age-dependent fraction fO2(t) of inhab-
ited planets have undergone a GOE-like event and there-
fore have detectable amounts of O2 or O3 in their atmo-
spheres. Assuming that a future space-based survey has
discovered and spectroscopically characterized the en-
tire sample, we apply a statistical test to calculate the
confidence with which the age-oxygen correlation could
be discovered as a function of the number of planets ob-
served. Finally, we average the results of this test across
Testing Earth-like atmospheric evolution on exo-Earths 3
104 random samples1 for each cell in a two-dimensional
grid of values for N and flife.
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2.1. Fraction of inhabited planets with O2
We consider three functions to describe the fraction
fO2(t) of inhabited planets which have detectable O2 or
O3 in their atmospheres as a function of their age t (or,
approximately, the age of their host star). We consider
the stellar ages to be determined precisely, and discuss
the feasibility of this assumption in Section 4.6.
The functions, plotted in Figure 1, are as follows: in
the first case, fO2(t) increases exponentially over an e-
folding timescale of 3.2 Gyr, so that the typical planet
reaches its GOE at the same epoch as Earth’s (t ∼ 2.2
Gyr). In the second case, all planets evolve identically,
encountering their GOEs at the same point in time as
Earth did. The third case assumes the same functional
form as the first, but with a longer timescale of 10 Gyr
- in this case, most planets encounter their GOEs much
later than Earth did. We discuss the motivation behind
these functional forms in Section 4.5.
Finally, in each case we only distinguish between oxy-
genated and anoxic atmospheres; the mixing ratio of O2
is not modelled. Generally speaking, the presence or
absence of O2 will be much easier to determine than its
precise mixing ratio. Furthermore, while O2 may not be
directly detectable for planets with only a small biogenic
abundance – analogous to Earth during the Proterozoic
era – its presence might still be inferred through that of
its strongly absorbing byproduct O3 (e.g., Angel et al.
1986; Des Marais et al. 2002; Segura et al. 2003; Rein-
hard et al. 2017).
2.2. Abiotic O2
Several authors have suggested scenarios in which a
rocky planet in or near the habitable zone could attain
a detectable amount of O2 through abiotic sources, gen-
erating a “false positive” biosignature. A review of sev-
eral of these scenarios and the means by which they can
be distinguished from biological sources can be found in
Meadows et al. (2018a).
Generally speaking, abiotic oxygen is produced by the
splitting of H2O or CO2 and the subsequent escape of
hydrogen to space. Water vapor can be split either in
the upper atmosphere due to UV-driven photolysis (e.g.,
Wordsworth & Pierrehumbert 2014; Luger & Barnes
2015; Meadows et al. 2018b; Wordsworth et al. 2018)
1 In some samples none of the planets have O2, so the p-value is
undefined and we discard it. This generally only occurs for low
values of N and flife and does not significantly impact our results.
2 The code used to generate the grid of p-values and Figures 1-3
can be found here.
or on the surface through a photocatalytic reaction in-
volving titanium dioxide (Narita et al. 2015). The pho-
tolysis of carbon dioxide can lead to a buildup of abiotic
O2, which is exacerbated in the radiative environment
of low-mass stars, or when the outgassing flux of reduc-
ing species (namely H2 and CH4) is much lower than on
Earth (Hu et al. 2012; Domagal-Goldman et al. 2014;
Tian et al. 2014; Gao et al. 2015; Harman et al. 2015;
Hu et al. 2020).
More optimistically, other models show that the
lightning-driven recombination of CO and O (Harman
et al. 2018) as well as volcanic outgassing at rates compa-
rable to Earth’s (e.g., Hu et al. 2012; James & Hu 2018)
could each counter O2 buildup from abiotic sources.
Further research into such preventative factors may alle-
viate concerns about the reliability of this biosignature.
Some of these proposed abiotic sources of O2 could,
in principle, be present on both inhabited and non-
inhabited planets, and would mask the age-oxygen cor-
relation by imbuing planets with O2 from a young age.
To investigate this, we allow for some age-independent
fraction of EECs to have abiotic oxygen sources, regard-
less of whether or not they have life. For most of the
results presented below we set this parameter to zero
so that there are no planets with abiotic O2, but we
investigate their impact in Section 3.3.
2.3. Stellar age distribution
Recent studies have found that while the star forma-
tion history of the Milky Way disk has varied measur-
ably, it is to first order uniform in age, with the oldest
disk stars forming ∼ 10 Gya (e.g., Snaith et al. 2015;
Fantin et al. 2019; Mor et al. 2019). Assuming homoge-
neous star formation throughout the disk, the age dis-
tribution of nearby stars should resemble this history,
excepting a small deficit of old, massive stars with main-
sequence lifetimes shorter than 10 Gyr. We therefore as-
sume a uniform stellar and planet age distribution from
0 – 10 Gyr for most of our results.
However, it may be more efficient to prioritize observ-
ing only young and old stars, so as to maximize the
difference in fO2(t) for the models in Figure 1. This
is especially important for surveys limited by available
telescope time, where the target list must necessarily be
pruned. Likewise, excluding young or old stars from any
survey could inhibit the detectability of the age-oxygen
correlation. To examine these considerations, we also
simulate samples consisting of different combinations of
young (0–2 Gyr), intermediate (2–7 Gyr) and old (7–
10 Gyr) age ranges. We discuss the impact of the age
distribution in Section 3.2.
2.4. Correlation test
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To determine whether the age-oxygen correlation can
be confidently identified in our simulated samples, we
apply two statistical tests, each implemented using
SciPy (Jones et al. 2001). The first is the Mann-Whitney
U test (Mann & Whitney 1947), which is applied to
measurements of a variable (i.e., age) from two indepen-
dent populations (i.e., oxygenated and anoxic planets),
to determine whether the age distribution of one pop-
ulation is stochastically greater than the other. Unlike
the similar and more widely used Student’s t-test, the
Mann-Whitney test does not assume the two age distri-
butions to be of normal shape and equal variance, and
compares the samples through their mean ranks rather
than through their sample means. We also apply Spear-
man’s rank correlation test (e.g., Wall & Jenkins 2003),
which is usually applied to detect non-linear, monotonic
correlations between two variables. The two variables
can be continuous (i.e., age) or discrete (i.e., whether
the planet has O2).
We use the Mann-Whitney test to calculate most of
our results, as we believe its underlying assumptions
most accurately match our data, but we also compare its
efficiency to that of Spearman’s test in Section 3.4. Each
of the tests reports a p-value representing the probabil-
ity that age and oxygen are not apparently correlated,
with values p < 0.05 corresponding to a significant (95%
likely) correlation. Finally, since we are testing a di-
rectional hypothesis (that age and oxygen are positively
correlated), we calculate one-tailed p-values.
3. RESULTS
3.1. How many planets must be observed to detect a
correlation?
The contour plots in Figure 2 delineate the number of
planets - as a function of flife - which must be character-
ized to detect the age-oxygen correlation with high con-
fidence (p < 0.05). The shaded area marks the region of
the parameter space in which the proposed age-oxygen
correlation could be identified. Each coloured contour
corresponds to one of the cases in Figure 1 – except
where otherwise stated, we consider “Earth is typical”
as our baseline case.
For the baseline case, we find that a sample of ∼ 20
EECs would be sufficient to detect the age-oxygen corre-
lation if life is present on 80% of such worlds. In a more
pessimistic case where life exists on only 10% of these
planets, then ∼ 300 characterizations are required. If
life is present on fewer than 2% of EECs, then the sam-
ple size required exceeds one thousand.
3.2. What is the optimal age distribution of target
stars for this experiment?
To maximize the science yield of missions capable of
detecting biosignatures, it may be prudent to prioritize
their targets based on age. In Figure 3(a) we investi-
gate the impact of different age-based target selection
strategies on a survey’s ability to test for an age-oxygen
correlation.
We find that by selecting targets with ages just be-
tween 0–2 and 7–10 Gyr, the total number of planets
required to detect the age-oxygen correlation drops by
about 35%. Alternatively, when a survey excludes young
systems, the number of planets required increases by a
factor of ∼ 3. These results suggest that, when possible,
surveys of habitable exoplanets should not prioritize in-
termediate and older age planets over younger targets.
In fact, the youngest planets are the most important
targets for testing our hypothesis, and should be pri-
oritized in surveys which are limited by observing time
rather than fundamental instrument constraints.
3.3. What is the impact of abiotic sources for O2?
For most of our results, we assume that all oxygen
is produced by life, but in Figure 3(b) we investigate
the amount of noise introduced if some age-independent
fraction of EECs have abiotic O2 sources. We find the
impact on the required sample size to be modest to con-
siderable. If abiotic O2 exists on about 10% of EECs,
then the required sample size must increase by 25-100%
depending on flife. In the pessimistic case that half of
EECs have abiotic O2 and life is rare, the required sam-
ple size increases by an order of magnitude.
3.4. What is the most efficient test for detecting the
age-oxygen correlation?
In Figure 3(c) we compare results using each of the
statistical tests reviewed in Section 2.4, as well as
the more commonly-used Student’s t-test (which is not
strictly applicable to our case as it assumes normal age
distributions). Generally speaking, the three tests yield
similar results. While Student’s and Spearman’s tests
are slightly more sensitive to the correlation for high
values of flife, the assumptions of the Mann-Whitney
test most accurately match our data set, which consists
of two non-normal age distributions (for oxygenated and
anoxic atmospheres) with unequal variances.
While we have chosen p = 0.05 (i.e., a 5% probability
that age and oxygen are uncorrelated) as our threshold
for a confident detection of a positive correlation, a lower
or higher confidence level detection may be achieved
through characterizing fewer or more EECs. In Fig-
ure 3(d) we calculate the number of targets required to
detect the age-oxygen correlation with low confidence
(p < 0.1) or very high confidence (p < 0.01). These
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Figure 1. (In color, left axis) Three functions which we assume to describe fO2(t), the fraction of inhabited planets which
have a detectable amount of oxygen as a function of age t. In the first two cases (green and red), the typical inhabited planet
undergoes a GOE at the same epoch as Earth’s (tH ∼ 2.2 Gyr). (In gray, right axis) We plot an estimate of Earth’s historical
O2 abundance versus the present atmospheric level (PAL), adapted from Reinhard et al. (2017). Note that estimates for pO2
when Earth was younger than ∼ 4 Gyr range by up to two orders of magnitude.
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Figure 2. The number of EECs as a function of flife which must be characterized to confidently (p = 0.05) detect a correlation
between their ages and the fraction with O2 or O3 in their atmospheres. Results are plotted for each of the cases detailed in
Figure 1 and a target sample with a uniform distribution of ages between 0 – 10 Gyr. The dashed lines indicate “pessimistic”
and “optimistic” cases for the frequency of inhabited worlds among EECs. On the right, we include estimates for the EEC
detection yield of a few possible future observatories reviewed in Section 4.1. Note, however, that these estimates were calculated
using different methods, and the occurrence rates used to determine them may have been overestimated (Pascucci et al. 2019).
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Figure 3. We re-calculate the number of EECs which must be characterized to detect the age-oxygen correlation in the “Earth
is typical” case, but under different conditions than assumed in Figure 2. For comparison, we re-plot the baseline result in
Figure 2 as a solid line in each panel. (a) We modify the age distribution of the target sample by including only young (0–2
Gyr) and old (7–10 Gyr) planets (dashed) or by excluding young planets (dotted). (b) We assume that 10% (dashed) or 50%
(dotted) of EECs have some abiotically-produced O2. This fraction includes inhabited and non-inhabited planets alike. (c) We
re-calculate the results using Spearman’s rank correlation test (dashed) and Student’s t-test (dotted) to determine the detection
significance. (d) We plot contours for a less (p = 0.1; dashed) or more (p = 0.01; dotted) confident detection of the age-oxygen
correlation.
contours demonstrate that while a confident detection
may be out of reach for a given sample size if life is rare,
preliminary evidence can still be acquired to motivate a
more in-depth survey.
4. DISCUSSION
4.1. Future observatories could test the proposed
age-oxygen correlation
Current observatories lack the capability to detect
oxygen or ozone absorption in the atmospheres of ter-
restrial exoplanets. However, multiple ambitious space
mission concepts which have been proposed in the litera-
ture could perform this characterization for statistically
meaningful numbers of planets. Here, we identify sev-
eral such concepts and compare their likely sample sizes
(where available) to the requirements we predict in Fig-
ure 2.
Two observatories would use coronagraphic instru-
ments to directly image potential exo-Earths orbiting
nearby FGK stars. The Large UV/Optical/IR Surveyor
(LUVOIR, The LUVOIR Team 2019) would feature
an 8- to 15-meter diameter segmented primary mirror,
while the Habitable Exoplanet Observatory (HabEx,
The HabEx Team 2019) would make use of a 4-meter
monolithic mirror. HabEx would also launch with a
starshade, which would maneuever separately from the
telescope to occult the targeted host star and enable
deep spectroscopic characterization of its planets. With
their broad UV-to-NIR wavelength coverage, both tele-
scopes could probe for ozone absorption at far-UV wave-
lengths as well as O2 in the visible spectrum. Employing
the yield optimization methodology first developed by
Stark et al. (2014), both concept studies have reported
estimates for the number of EECs which they could de-
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tect, namely 54+61−34 for LUVOIR and 8
+9
−5 for HabEx (see
also Stark et al. 2015, 2016a,b, 2019; Kopparapu et al.
2018). As such, LUVOIR would be able to test for the
age-oxygen correlation given flife > 50%. HabEx would
likely lack the sample size required to detect it on its
own, but could contribute substantially towards build-
ing up a sufficiently large sample of characterized EECs
if complemented by ground- or space-based efforts tar-
geting nearby M dwarfs.
Three mission concepts would use transit and/or
phase curve spectroscopy to characterize potential exo-
Earths. The Nautilus Space Observatory (Apai et al.
2019) would consist of thirty-five unit space telescopes,
each with an ∼8.5-meter diameter ultralight, diffractive-
refractive lens as the primary light-collecting element.
Through visible-to-NIR transit spectroscopy, the array
could be used to search for oxygen or ozone in the at-
mospheres of up to one thousand EECs. With such a
sample, Nautilus could test the age-oxygen correlation
even in the pessimistic case where only 10% of EECs
are inhabited. Two other telescopes would enable mid-
infrared transit and phase curve spectroscopy of plan-
ets orbiting mid-to-late M dwarfs, including the Ori-
gins Space Telescope (∼ 26 characterized EECs, Origins
Space Telescope Study Team 2019) and the Mid-Infrared
Exoplanet Climate Explorer (Staguhn et al. 2019), and
would infer the presence of oxygen through O3 absorp-
tion between 9-10 µm. In the optimistic case, a sample
of 20 − 30 planets could achieve the requirements out-
lined in Figure 2, or it could be combined with the yield
of missions targeting FGK stars.
Space-based infrared interferometry offers another av-
enue towards directly imaging exo-Earths through their
thermal emission. The Large Interferometer For Ex-
oplanets (LIFE) project3 aims to coherently combine
light from four ∼ 2.8-meter mirrors in order to de-
tect and characterize nearby exo-Earths in the 5–25 µm
wavelength range. LIFE would characterize the atmo-
spheres of ∼ 45 EECs orbiting nearby GKM stars, and
with such a sample could detect the age-oxygen correla-
tion for flife > 25% (Kammerer & Quanz 2018; Quanz
et al. 2018).
A note of caution: the yield estimates above have been
adapted directly from literature references, and may not
be directly comparable as they were calculated using dif-
ferent techniques. All of them rely on estimates of η⊕
(the number of potentially habitable planets per star)
extrapolated from Kepler data, but recent work by Pas-
cucci et al. (2019) suggests that such estimates are ex-
3 https://www.life-space-mission.com/
aggerated by a factor of 4–8×, as the Kepler radius dis-
tribution of short-period planets is heavily impacted by
atmospheric loss. Nevertheless, the numbers cited sug-
gest that testing for the age-oxygen correlation may be
an achievable science goal for some of these missions.
In summary, we conclude that future space missions
which are being designed to detect oxygen in the atmo-
spheres of individual planets could use the same capabil-
ities to test the null hypothesis that the Earth’s atmo-
spheric evolution is typical for an inhabited world. To
achieve this science goal, the stellar age distribution of
the target sample should be carefully considered: when
it is necessary to prioritize targets, surveys are encour-
aged to favor young stars to maximize their sensitivity
to changes in atmospheric oxygen content during the
first few billion years.
4.2. Impact of planet and stellar properties
In our analysis we assume that the amount of time
required for a planet to reach a GOE-like transition is
random, but typically between 1 − 10 Gyr. In reality,
this timescale will be dependent on each planet’s prop-
erties. In order for a GOE-like event to occur, a planet’s
biological oxygen source must grow large enough and/or
its oxygen sinks must become minimal enough that the
former overwhelms the latter. Here we address ways in
which these sources and sinks might vary across different
types of habitable worlds.
Catling et al. (2005) coin the term “oxygenation
time” to refer to the time required for a planet to ac-
quire enough atmospheric O2 to support complex life,
and they argue that a planet’s size, composition, and
the presence or absence of continents could affect this
timescale in diverse ways. For example, larger planets,
or planets with more reducing initial compositions, will
have a greater inventory of reducing matter to exhaust.
The interior heat flux could be higher on planets larger
than Earth, or for tidally-heated planets on close-in or-
bits around low-mass stars (Driscoll & Barnes 2015),
which would affect outgassing rates. Continents play
a role in both removing oxygen from the atmosphere
(through outgassing and rock weathering) and replen-
ishing it (through the burial of organic matter), but on
a planet without continents these processes would be
diminished (Lunine 2013).
The escape of hydrogen from Earth’s atmosphere into
space acts to oxidize the planet, an effect which may
have triggered the GOE since hydrogen escape from
early Earth’s atmosphere was likely much faster than at
present (Catling et al. 2001; Claire et al. 2006; Zahnle
et al. 2013, 2019). On Earth, the hydrogen escape rate is
limited by its diffusion rate into the exosphere (Hunten
8 Bixel & Apai
& Donahue 1976). The diffusion length decreases with
surface gravity, which ranges from ∼ 0.3 – 2.5 g on
rocky exoplanets (e.g., Neil & Rogers 2020), so diffusion-
limited escape should be more efficient on larger planets
- but at the same time the maximum escape rate of
hydrogen from the exosphere will be throttled due to
increased gravitational potential (Catling et al. 2005).
In total, we might expect a non-monotonic relationship
between hydrogen escape and planet size which could ac-
celerate or inhibit the oxygenation of the atmospheres
of other inhabited worlds.
Since the advent of oxygenic photosynthesis is pre-
sumed a prerequisite for global oxygenation, the rate at
which evolutionary changes occur in the biosphere could
also limit the oxygenation timescale. Several authors
have investigated factors affecting the pace of biologi-
cal evolution on planets hosted by low-mass stars, with
some suggesting that prebiotic chemistry could be inhib-
ited by a deficit of ultraviolet radiation (Buccino et al.
2007; Ranjan et al. 2017; Rimmer et al. 2018), and others
proposing that complex life could take longer to subse-
quently evolve (Haqq-Misra & Kopparapu 2018; Haqq-
Misra 2019). Biogenic oxygen levels may be substan-
tially lower around low-mass stars, as they emit less of
the visible-wavelength radiation which drives oxygenic
photosynthesis on Earth (e.g., Kiang et al. 2007; Gale &
Wandel 2016; Lehmer et al. 2018; Mullan & Bais 2018;
Ritchie et al. 2018; Lingam & Loeb 2018, 2019). The net
effect of these factors could be to substantially delay or
entirely prevent the oxygenation of the atmosphere for
habitable planets orbiting low-mass stars.
A planet’s size, bulk composition, and its host star’s
spectral type can often be constrained through obser-
vation, so it is conceivable that one could control for
their effects - but this would necessitate a larger sam-
ple. It may be possible to detect continents by measur-
ing a planet’s photometric variability through extensive
direct imaging observations (e.g. Ford et al. 2001; Cowan
et al. 2009; Cowan & Fujii 2018; Farr et al. 2018; Lustig-
Yaeger et al. 2018; Fan et al. 2019; Aizawa et al. 2020),
but likely only for a limited number of optimal targets.
In total, we expect that the diversity of planet com-
positions and environments will result in a correspond-
ing diversity of oxygenation timescales, but overall the
age-oxygen correlation should remain as long as some
planets were oxygenated within their first several Gyr.
Our analysis accommodates this diversity by simulating
planets with such timescales ranging from ∼ 1 – 10 Gyr,
but if the typical timescale is in fact very short (< 1 Gyr)
or long (> 10 Gyr), then a larger sample size will likely
be required to detect the correlation. Further detailed
theoretical treatments of the variation of oxygen sources
and sinks across a realistic range of planetary properties
will be valuable for evaluating the assumptions made in
Figure 1.
4.3. Verifying O2 as a potential biosignature
We propose that a potential future discovery of a pos-
itive age-oxygen correlation would serve as additional
evidence for life on oxygen-bearing planets, even if con-
cerns about false positives cannot be ruled out through
contextual evidence for individual planets in the sample
(e.g., Meadows et al. 2018a). While multiple mecha-
nisms have been proposed for the abiotic generation of
O2, none so far have been shown to produce a posi-
tive correlation of O2 content with age. On the other
hand, such a correlation does reflect the history of bio-
genic oxygen in Earth’s atmosphere, so if discovered it
would suggest a similar (i.e. biological) history for other
worlds. Nevertheless, like all proposed biosignatures,
the discovery of an age-oxygen correlation would need
to be rigorously scrutinized to ensure that no plausible
abiotic evolutionary scenarios could produce it.
On the other hand, if enough planets with oxygenated
atmospheres are detected that a positive age-oxygen cor-
relation can be ruled out over Gyr timescales, this would
imply that most planets which already have oxygen ac-
quired it before ∼ 1 Gyr. An explanation would be
required for why Earth took substantially longer to be-
come oxygenated than most oxygen-rich planets. Such
an explanation may be found through modeling the ef-
fects of planet and stellar properties on redox balance
as discussed in Section 4.2, or perhaps through an ar-
gument about anthropic bias (i.e., if complex and intel-
ligent life is more likely to evolve on planets with late
GOEs, then our planet is more likely to have had a late
GOE).
4.4. Complicating factors for detecting O2 or O3
We assume that O2 or at least O3 will be detectable
for every post-GOE planet, but complicating factors
could make this assumption optimistic. Clouds and
hazes can mask absorption by low-altitude gasses, an is-
sue which is expected to affect both direct imaging and
transit observations of rocky planets (e.g., Arney et al.
2017; Rugheimer & Kaltenegger 2018; Wang et al. 2018;
Kawashima & Rugheimer 2019; Lustig-Yaeger et al.
2019). For transit spectroscopy, it could prove difficult
to disentangle the spectral features of the atmosphere
from those of the stellar photosphere (Apai et al. 2018).
This may inhibit the detection of biosignatures on plan-
ets around M dwarfs (Rackham et al. 2018; Zhang et al.
2018; Iyer & Line 2019), but would be a less prominent
issue for FGK stars (Rackham et al. 2019b). Detailed
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spectral modeling of the photosphere may also help to
resolve this degeneracy (Pinhas et al. 2018; Rackham
et al. 2019a; Wakeford et al. 2019; Iyer & Line 2019).
We again emphasize that even in cases where O2 is
difficult to observe (e.g., due to clouds), strong O3 ab-
sorption may still be visible. Generally, while these com-
plicating factors may have the effect of increasing the
sample size required to detect the age-oxygen correla-
tion, they in principle should not inhibit it.
4.5. Assumed correlations
In our analysis we consider three functions to describe
the fraction of inhabited planets with oxygenated atmo-
spheres. The first and third functions have the following
exponential form:
fO2(t) = 1− exp(−t/τ)
This is appropriate if we assume that every inhabited
planet has an equally small probability to undergo a
GOE during each consecutive interval of time during its
history. If Earth is a typical example, then this probabil-
ity is ∼ 3% per 100 Myr. This case seems appropriate if
the timing of the GOE is set by changes in the biosphere,
as several random and independent evolutionary steps
must occur before oxygenic photosynthesis can become
a dominant form of metabolism.
In the second case we assume a step function:
fO2(t) =
1 t ≥ 2.2 Gyr0 t < 2.2 Gyr (1)
Under this case, every planet is an exact Earth analog
and undergoes a GOE at the same age as did Earth.
While this is unlikely to actually be correct, a step func-
tion would be the most easily detectable correlation, so
our results for this case reflect a lower limit on the re-
quired sample sizes.
Despite the difference between the functional forms of
the first/third and second cases, the sample sizes which
must be observed to test them typically agree to within
a factor of two, suggesting that our results are relatively
consistent across these cases.
4.6. Prospects for determining stellar ages
For simplicity, we assume that each planet’s age
(which is approximately the age of its host star) is known
with high precision, but this is not a true assumption for
most known exoplanets today.
It is plausible that precise (< 1 Gyr) age constraints
could be achieved through asteroseismology, as demon-
strated for several Kepler/K2 planet hosts (e.g., Mathur
et al. 2012; Chaplin et al. 2014; Silva Aguirre et al.
2015; Creevey et al. 2017; Kayhan et al. 2019; Lund
et al. 2019). With the same method, the PLATO mis-
sion could allow for 10% precision age measurements of
hundreds of bright solar-type stars (Rauer et al. 2014).
However, asteroseismic pulsations have so far proved
difficult to detect in low-mass stars despite extensive ef-
forts (Baran et al. 2011b,a; Krzesinski et al. 2012; Baran
et al. 2013; Rodr´ıguez-Lo´pez et al. 2015; Rodr´ıguez et al.
2016; Berdin˜as et al. 2017). For now, age estimates for
low-mass stars rely on various spectroscopic and photo-
metric relations. For example, Burgasser & Mamajek
(2017) combine several diagnostics to determine the age
of TRAPPIST-1, a well-studied ultra-cool dwarf known
to host multiple potentially habitable planets (Gillon
et al. 2017). Despite a thorough analysis, the authors
are only able to constrain the age of the system with a
1σ precision of ± 2.2 Gyr, demonstrating that securing
sub-Gyr age constraints for low-mass stars is not feasible
using existing techniques.
Provided systematic errors are minimal, age uncer-
tainties could be factored into a statistical correlation
test. Doing so, however, would likely increase the re-
quired sample size if the uncertainty is much larger than
the age range over which the correlation is expected (& 1
Gyr). It is therefore important that advances be made
over the next two decades in the measurement of stellar
ages, particularly for low-mass stars.
4.7. Luminosity evolution for low-mass stars
A potential source of uncertainty comes from the lumi-
nosity evolution of the host star, and therefore the evolu-
tion of its habitable zone. Habitable zone planets around
low-mass stars are the best targets for characteriza-
tion through transit spectroscopy because they produce
larger relative transit depths, are more likely to transit,
and transit more often than Earth twins around Sun-like
stars. However, their host stars’ habitable zones con-
tract significantly during the pre-main sequence phase,
which can last for hundreds of Myr. Planets towards the
inner edge may have regained their habitability only af-
ter the star reached the main sequence, or may have lost
it permanently (e.g. Ramirez & Kaltenegger 2014; Tian
& Ida 2015; Luger & Barnes 2015; Barnes et al. 2016).
To account for this caveat, more detailed future stud-
ies could estimate and subtract the amount of time for
which the planet was outside of the habitable zone from
its age before performing a correlation test. In contrast,
planets which have been rendered permanently uninhab-
itable by the pre-main sequence star represent a reduc-
tion in flife, and are therefore already factored into our
analysis.
5. CONCLUSIONS
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Motivated by a new generation of space missions con-
cepts that aim to search for atmospheric biosignatures
across statistically meaningful samples of planets, we ex-
plore how constraints on the presence of atmospheric O2
or O3 as a function of age could be used to study how
inhabited planets and life co-evolve, and to test the ro-
bustness of oxygen as a biosignature. A possible starting
hypothesis for the evolution of inhabited planets is that
their atmospheres evolve in a similar manner to Earth’s.
We show that this null hypothesis predicts a strong, pos-
itive age-oxygen correlation among such worlds. The
presence of such a trend, if detected by future observa-
tories, could serve as additional evidence for life.
We show that by detecting or rejecting the presence
of O2 – or its byproduct O3 – in a sufficiently large
sample of potentially habitable planets, it will be possi-
ble to confirm this hypothesis using statistical correla-
tion tests – without needing to know which planets are
inhabited. To confidently detect the age-oxygen corre-
lation, we find that a sample size of ∼ 20 potentially
habitable planets must be observed if ∼ 80% of them
are in fact inhabited. If the inhabited fraction is only
∼ 10%, then ∼ 300 planets must be observed, and if
it is smaller than ∼2% then more than one thousand
planets are required. These sample sizes are similar to
those predicted for ambitious space missions proposed
to launch within the coming decades.
Our results have important implications for the tar-
get selection of future biosignature surveys which should
be considered as their missions are designed and built.
Namely, surveys which must down-select or priori-
tize their target lists should favor young and old over
intermediate-age stars, as doing so could reduce the
number of planets required to detect the age-oxygen
correlation by about 35%. Similarly, surveys should
avoid excluding young stars from their target lists, as
this could increase the number of planets required by a
factor of ∼ 3. Such target selection strategies will re-
quire precise stellar age measurements, which should be
achievable for many FGK dwarfs through asteroseismol-
ogy, but are yet out of reach for low-mass stars.
These results are also sensitive to the abundance
of abiotically-produced O2 in exoplanet atmospheres.
While Earth has no substantial non-biological oxygen
sources, it has been proposed that a small fraction of
potentially habitable exoplanets could. If this fraction
exceeds ∼ 10%, then many more planets must be char-
acterized to detect the age-oxygen correlation.
Our study offers a promising initial analysis of the ca-
pacity of next-generation observatories to study the oxy-
gen evolution of habitable planets. Future studies can
expand upon this groundwork by incorporating quanti-
tative treatments of the influence of planet size, compo-
sition, stellar environment, and other factors which may
impact the proposed age-oxygen correlation. Finally,
while in-depth studies of individual planets – especially
those presenting biosignatures – will be invaluable, sta-
tistical analyses could enable a broader understanding of
life as a universal phenomenon. We encourage that this
and other statistical hypotheses be given proper con-
sideration as new telescopes and instruments are being
designed to characterize the atmospheres of habitable
exoplanets.
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